Electron spin polarization as high as 86% has been reproducibly obtained from strained Al x In y Ga 1-x-y As/GaAs superlattice with minimal conduction band offset at the heterointerfaces. The modulation doping of the SL provides high polarization and high quantum yield at the polarization maximum. The position of the maximum can be easily tuned to an excitation wavelength by choice of the SL composition. Further improvement of the emitter parameters can be expected with additional optimization of the SL structure parameters.
Spin-Polarized Electron Emission from Superlattices
with Zero Conduction Band Offset. The development of new sources of highly polarized electrons is motivated by their successful and growing applications in high energy physics, atomic physics, studies of thin films, and surface magnetism. A major breakthrough in achieving an electron polarization of >50% was made in early 1991 with a strained InGaAs on GaAs buffer substrate and GaAs on GaAsP structures [1] . The strain-induced valence-band splitting results potentially in 100% electronic optical orientation under excitation by circularly polarized light at the interband absorption edge. Electron transport to the surface followed by emission into vacuum is accompanied by spin relaxation and thus by polarization losses in the range of 10-20%, consistent with the observed values of polarization of emitted electrons. Emission of polarized electrons into vacuum is provided by activation of the clean GaAs surface by using Cs oxide deposition which reduces the electron work function and leads to band bending at the surface and subsequently a negative electron affinity (NEA) surface.
Polarized electron sources (PES) having significantly higher polarization and electron beam intensity would have an enormous impact on the physics capabilities of future electron-positron colliders and of surface studies installations [2] [3] [4] . Further improvements of the GaAs strained layer cathodes are limited by the controversial character of the demands on the cathode heterostructure parameters. High polarization requires high stress in the GaAs layer. Highly stressed layers have small critical-layer thicknesses beyond which the strain gradually relaxes due to structural defects. On the other hand, the active layer thickness should be much thicker than the width of the band bending region. Therefore a thickness close to 100nm is found to be optimal.
Besides the polarization, the electron charge that can be extracted is an essential parameter of a photocathode since it has been found that there is a limit to current density that can be extracted from a GaAs film [5] . To have both higher yield and charge, high doping (up to 5×10 19 cm -3 ) of the GaAs layer is needed. High doping reduces the spin relaxation time and thus the electron polarization. Suppressing both polarization losses and charge limit effects is possible by modulation doping with high concentration only in the final 5-7nm surface layer [6] .
An alternative source of highly polarized electrons is a semiconductor superlattice (SL) in which the valence band splitting is a consequence of hole confinement in the SL quantum wells (QW). The difference in the light and heavy hole masses results in a splitting of the miniband spectrum in the valence band that can (in the case of deep and narrow quantum wells for holes) exceed the splitting in a stressed GaAs layer. The main advantage of SL-based photoemitters is the possibility to vary the properties of the active layer over a wide range by the appropriate choice of layer composition, thickness, and doping [7] [8] [9] .
Below we report results on polarized electron emission from a new strained short-period AlInGaAs-GaAs superlattice with a minimal conduction-band offset. We show that the performance of this new superlattice exceeds that of the GaAs strained layer cathodes and the potential for further improvements is favourable.
Description of samples. In SL-based cathodes the thickness of the active layer is restricted mainly by the spin diffusion length. In previously used Al x Ga 1-x As/GaAs, In x Ga 1-x As/GaAs [6, 9] and Al x Ga 1-x As/In y Ga 1-y As SL [6, 9, 10] , the hole miniband splitting was accompanied by the building of high barriers for electrons as a result of the high value of the ratio of the conduction-band offset ∆E c to the valence-band offset ∆E v (∆E c /∆E v ≈2) at the heterointerface. The necessity for the electrons to tunnel through the SL barriers results in a lower electron diffusion rate along the SL axis accompanied by growth of the spin relaxation rate [11, 12] . This leads to electron depolarization during their diffusion to the surface.
The main advantage of the Al x In y Ga 1-x-y As/GaAs SL proposed here comes from the band line-up between the semiconductor layers of the SL. The Al content determines the formation of a barrier in the conduction band, while adding In leads to conduction band lowering, so the conduction band offset can be completely compensated by appropriate choice of x and y, while barriers for the holes remain uncompensated. Therefore the use of superlattices with the optimized quaternary alloy composition can provide a high vertical electron mobility and simultaneously a small spin relaxation rate while also maintaining a sufficiently large valence-band splitting.
The SL samples were grown by solid-source molecular beam epitaxy in a Riber32P machine on GaAs(100)-oriented substrates. The native oxide layer was removed from the top of the substrate at 630°C in the growth chamber under an As flux. Then 0.2µm-thick GaAs: Be (4×10 18 cm -3 ) and 0.4µm-thick Al 0.3 Ga 0.7 As:
Be (4×10 17 cm -3 ) layers were deposited at 600°C. Growth was interrupted, and the substrate temperature was decreased to 510°C to prevent In re-evaporation and Be segregation effects in the active SL. The SL samples consisted of 17 (or 15) pairs of GaAs(4nm) and AlInGaAs(4nm) doped with Be and were terminated by a 6nm (or 8nm) heavilydoped GaAs layer capped with As to ensure stable activation and an NEA surface state. The parameters of the samples are listed in Table 1 . The procedure of mole fraction and layer thickness estimation was based on knowledge of growth rates of AlAs and InAs binary compounds. The GaAs growth rate was determined from the quantum-well width-dependent photoluminescence (PL) peak position of an AlAs/GaAs QW structure. The InAs growth rate was determined from the onset of the island growth mode when an InAs film is deposited on a GaAs substrate. This transition takes place at 1.7 monolayer of InAs. All these layers, which are necessary for growth rate estimation, were grown on one test sample and quickly measured by PL. The relationship between the AlAs mole fraction in the AlGaAs layer and the PL peak position as well as the dependence of the QW PL peak position on the QW width have been previously determined by comparison of the PL, X-ray diffraction data, and in situ growth rate measurements using the RHEED oscillation technique.
All the samples were capped by As using the following procedure. Just after the deposition of the last layer of the structure, the substrate heater was switched off and then the sample was cooled down in the growth chamber for one hour. The sample was turned to face a liquid nitrogen cryoshroud. At the end of this stage the substrate temperature was usually around 30°C. Then the sample was placed again in the growth position opposite the As source for 1.5 hour. At the end of this second stage the substrate temperature was around 0°C. The As cap thickness was estimated to be 0.1mm based on Auger profiling measurements.
The characterization of the samples was done using luminescence and X-ray diffraction techniques. The X-ray diffraction patterns show that in the case of the GaAs substrate and x≤0.2, the strain relaxation in the thin 4-nm Al x In y Ga 1-x-y As layers remains negligible for the total SL thickness, d, up to d ≤ 150 nm.
Choice of the SL layer composition. The miniband spectrum of the SL is determined by the band offsets at the heterointerfaces. In the case of a heterointerface with lattice matched ternary solid solution (e.g. Al x Ga 1-x As-GaAs) the conductionband offset ratio, Q c1 , is defined as Q c1 =∆E c (x)/∆E g1 (x), where ∆E g1 (x) is the difference in the band gaps of the contacting crystals so that the valence band offset ratio, Q v , is Q v =1-Q c . For an In y Ga 1-y As-GaAs interface the offset is modified by the strain distribution in the contacting layers. For the structure with a thin In y Ga 1-y As layer grown on a thick GaAs substrate all the strain is assumed to accumulate in the InGaAs layer. For this case ∆E c (y)=Q c2,def ×(∆E g2 (y)+ δE g def 2 (y)). Here Q c2, def is the conduction band offset ratio for the strained In y Ga 1-y As layer while, δE g def 2 (y) is the change of the band gap induced by strain that can be expressed through interpolated deformation potentials, elastic constants, and the lattice constant mismatch (see e.g. ref. [13, 14] ). The other way to calculate the offset (which should give the same result [14] ) is to use the offset ratio for unstrained layers, Q c2 , and then include the strain effects, so that ∆E c (y)=Q c2 ×∆E g2 (y)+ δE g def 2 (y). For the case of the Al x In y Ga 1-x-y As/ GaAs SL, a linear interpolation between the values for Al x Ga 1-x As-GaAs and In y Ga 1-y As-GaAs interfaces should be valid for small x and y. We have found that interpolation starting with the unstrained value of the band offset for the In y Ga 1-y AsGaAs heterointerface gives band-gap values that are far from the experimental data obtained from emission spectra. Using the band offset value for the strained In y Ga 1-y As-GaAs interface, we get:
The schematic of the position of the band edges for x=0.20, y=0.18 is shown in Fig.1 . Taking Q c1 =0.66 [15] and Q c2, def =0.7 [14] we have found that the conduction band offset appears to be minimized for x=1.1y. Another (more consistent) approach for the quaternary alloys starts with calculating the band gap of the alloy and the absolute average valence band position in the alloy [13] . Then the deformation shifts of all the bands are calculated using an interpolation for the deformation potentials and elastic constants with a set of bowing coefficients to account for nonlinear terms. We have found that both approaches give close numerical results that do not exactly fit our experimental data, which can be attributed to the uncertainty of the bowing coefficients and also to the partial strain relaxation and some tensile deformation of the GaAs layer (see below). The calculated positions of the band edges (following the approach of ref. [13] ) of the layers in the strained SL samples are given in Table 2 . It is seen that for all samples calculated values of the conduction band offset does not exceed 20meV. For the thermalized electrons at room temperature the influence of the resulting periodical potential should be negligible. Besides, as a result of the conduction-band line up, the 4-nm barriers for the electrons in the SL are transparent. Thus the changes of electron mobility and spin relaxation rate should be small compared to pure GaAs. It is seen from Fig.1 and the data of Table 2 that the strain of the Al x In y Ga 1-xy As layers produces barriers for both heavy and light holes, the barrier for the light holes being 75meV higher, which leads to additional hole-miniband splitting favourable for the electron optical orientation.
The choice of the layer thickness is dictated by the need to split the hole minibands. The splitting grows when barriers are broad enough and wells are narrow and deep. Still the thickness of the strained Al x In y Ga 1-x-y As layer should be less than the critical thickness h c (y). The overall critical thickness for the superlattice with alternating layers of equal thickness can be estimated as H c =h c (y/2). The thickness of a single Al x In y Ga 1-x-y As layer was taken to be 4nm (to be less than the calculated h c (y)), and in accordance with X-ray data the chosen thickness of the SL samples (d=0.12-0.136µm ) exceeded H c much less than in the case of a cathode structure with one strained GaAs layer.
Experimental results. The Mott analysers both at St. Petersburg Technical University (SPTU) [16] and at the Stanford Linear Accelerator Center (SLAC) [17] were used to measure the spin polarization of photoelectrons. In Fig.2 the polarized emission and quantum yield data measured at SPTU are shown as a function of the optical excitation energy for the 3-336 SL (sample 4). The maximum polarization obtained with local optical excitation was 86% and the corresponding quantum yield, Y, was 7.5×10 -3 %. Y for the excitation energy, E ex , at the polarization maximum is sensitive to activation procedure and vacuum in the setup. At SLAC, P=82.7% with Y=9.4×10 -2 % was obtained. In Fig.3 polarization and quantum yield spectra for the sample 3 obtained at SLAC and at SPTU are presented. Sample 3 was chosen to compare data since the time lapse between the two data sets for sample 3 was very short. We have found the polarization results to be similar despite the somewhat different techniques of sample preparation, activation, and vacuum. Due to better vacuum conditions in the SLAC apparatus, the values of quantum yield measured at SLAC were regularly higher than those measured at SPTU. The observed emission spectra can be interpreted in terms of a three-step model linearized for the thin-film emitter case [8] . The linearized Y is given by:
where α is the optical absorption and R is the reflection coefficient, τ 1 is the electron lifetime in the band bending potential well, τ emi is the time of electron emission in vacuum. According to Eq.(1), Y(hv) reproduces the optical absorption spectrum. The emitted electron polarization can be expressed as
where P 0 is the initial electron polarization upon excitation by circularly polarized light, S 0 is the surface recombination velocity, τ S is the spin relaxation time in the SL, τ S1 the spin relaxation time in the band bending region. The factors in Eq.(2) account for polarization losses at three steps of emission process. The polarization dependence on the excitation energy comes from P 0 and also the electron escape time d/S 0 into the band bending region. The decrease of the polarization from its maximum value with decreasing excitation wavelength starts with electron excitation from the first light-hole miniband. The falloff of polarization as excitation drops below the conduction band minimum can be associated with electron excitation in the tail states of potential wells which increases the electron escape time. A sharp decrease of Y and P below the band edge indicates a small tail size for the chosen doping level.
Thus, the position of the polarization maximum is close to the SL band gap. In the SL the band gap is larger than that in GaAs layers by quantization energy of the heavy holes and some shift of the conduction band minimum. Calculation of the miniband energies using the model described in [18] gives absolute values of the hole miniband energies E hh1 =13meV, E lh1 =54meV, the difference of these values for small changes of the layer composition is within the errors of determination of the band edges. The edge of the electronic band in a SL with a small conduction-band offset is close to the average conduction-band energy in the contacting layers.
The calculation of the band gap using the data given in Table 2 in E g =E g1 +E hh1 +((E c2 -E c1 )/2) gives for all samples values that exceed the experimentally observed energy of the polarization maximum by ~20 meV. This shift of the band gap values is equivalent to additional ≈3% of Al concentration. The regular difference in the calculated and observed band gap value in the strained quaternary alloy can be attributed to the uncertainties in the conduction band offset calculations and also to some tensile deformation of GaAs layer resulting in less strain in the contacting Al x In y Ga 1-x-y As layer. This misfit can be rather easily corrected by choosing a SL with larger x when some tuning of the SL band gap to excitation source is needed. Indeed, adding of Al does not influence the deformation so that the band gap variation with x is predictable.
In Fig.4 the measured polarization of the emitted electrons for all the samples in the vicinity of the absorption edge is presented. The absolute value of maximum shift is consistent with the expected change on the basis of the data in Table 2 . The width of the polarization maximum is consistent with a splitting of ≈40meV between the hh1 and lh1 minibands. One can expect larger splittings with thicker barriers and thinner GaAs wells. Then, one can expect a smaller spin relaxation rate for optimally chosen doping of the SL, compatible with needed extracted emission current.
Thus, the optimization of the SL structure parameters and doping profile can lead to further improvement of the proposed new SL photoemitter structure.
Finally, the maximum current density that can be extracted from these SL samples at high voltage has yet to be determined. Initial measurements using samples 2 and 3 gave anomalously low values. Definitive measurements are underway.
Conclusions
In conclusion, electron spin polarization as high as 86% has been reproducibly obtained from strained Al x In y Ga 1-x-y As/GaAs superlattice with minimal conduction band offset at the heterointerfaces. The modulation doping of the SL provides high polarization and high quantum yield at the polarization maximum. The position of the maximum can be easily tuned to an excitation wavelength by choice of the SL composition. Further improvement of the emitter parameters can be expected with additional optimization of the SL structure parameters.
